Rationale: Pulmonary arterial hypertension (PAH) is a medically incurable disease resulting in death from right ventricular (RV) failure. Both pulmonary vascular and RV remodeling are linked to dynamic changes in the microvasculature. Therefore, we hypothesized that circulating angiostatic factors could be linked to outcomes and represent novel biomarkers of disease severity in PAH.
Pulmonary arterial hypertension (PAH) is a progressive, debilitating, and medically incurable disease of the pulmonary vasculature. In PAH, remodeling of the pulmonary vessels results in increased pulmonary vascular resistance (PVR), increased right ventricular (RV) pressure overload, and death through right ventricular failure (RVF). Despite increasing treatment options, mortality from PAH is unacceptably high, and median survival remains dismal. For Group I diseases of the World classification of pulmonary hypertension, which include idiopathic PAH (IPAH) and connective tissue disease-associated (CTD) PAH (CTD-PAH, predominantly scleroderma), the reported 3-year survival rates are 72 and 52%, respectively (1) (2) (3) .
Cardiac function strongly predicts outcomes in these patients (4, 5) . Global ventricular performance is highly dependent on oxygen supply and thus myocardial perfusion. An essential component of myocardial perfusion during ventricular hypertrophy is the myocyte-microvascular balance (6, 7) . In preclinical models of disease, the transition from RV adaptation to RVF is linked to diminished angiogenesis within the hypertrophic RV (8) and decreased myocardial capillary density in the failed RV (9) . In humans, studies using adenosine coupled with cardiac magnetic resonance imaging (cMRI) indicate that RV myocardial perfusion reserve is reduced in patients with PAH and is linked to poor RV function (10) . Thus, we predict that disruption, or direct antagonism, of the microcirculatory balance within the RV would predispose to RV dysfunction, negatively impacting on outcomes in PAH. Angiogenesis within the myocardium is dependent on the interplay between multiple angiogenic and angiostatic factors, yet neither the clinical significance of angiostatic factors on cardiac function and hemodynamics nor their impact on PAH morbidity and mortality have been addressed.
Endostatin (ES) is a potent angiostatic peptide derived from the carboxy terminus of the extracellular matrix protein, collagen XVIII, alpha 1 (Col18a1), initially identified by its capacity to inhibit tumor angiogenesis in vitro and in vivo (11) (12) (13) . In ischemic heart disease, elevated ES levels in the circulation, pericardial space, and myocardial tissue have been associated with diminished collateral circulation within the heart (14) (15) (16) . These small studies in humans with left heart disease indicate that the myocardium is a source of serum ES, which can be detected in the peripheral circulation (14) . Moreover, they provide evidence that ES levels in humans negatively correlate with coronary collateral density. Most recently, elevated ES levels have been linked to increased mortality in the setting of left ventricular systolic dysfunction (17) .
We hypothesized that circulating ES is altered in patients with PAH and that elevated levels are associated with worse morbidity and mortality. We also assessed the potential influence of genetic variants of ES on serum levels and clinical outcomes.
Methods
Full methodological details are available in the online supplement.
Results
Study Population, Derivation Serum Cohort Table 1 shows the demographics, hemodynamic parameters, 6-minute-walk distance (6 MWD), New York Heart Association functional class (NYHA-FC), serum creatinine, sodium, and N-terminal pro-brain natriuretic peptide (NTproBNP). Greater than 45% of the cohort had NYHA-FC III or IV symptoms at enrollment. Consistent with this, the mean 6 MWD was 384 m and the mean NTproBNP was greater than two times the upper limit of normal. The median followup was 2.3 years, with a maximal follow-up of 7.2 years. The overall mortality was 27%, with 22 deaths observed. Details of the demographics of the validation cohort Definition of abbreviations: 6 MWD = 6-minute-walk distance; AA = African American; CO = cardiac output; CTD-PAH = connective tissue disease-associated pulmonary arterial hypertension; EA = European American; IPAH = idiopathic pulmonary arterial hypertension; mPAP = mean pulmonary artery pressure; NT-proBNP = N-terminal pro-brain natriuretic peptide; NYHA-FC = New York Heart Association functional class; PCWP = pulmonary capillary wedge pressure; PVR = pulmonary vascular resistance; RAP = right atrial pressure. Data expressed as mean 6 SD unless otherwise indicated. ORIGINAL ARTICLE (exclusively patients with IPAH) are summarized in Table E2 in the online supplement. The median follow-up was 3.4 years (maximum of 7.5 yr), with an overall mortality of 22%.
At a Glance Commentary

Serum Endostatin Correlates with Clinical Markers of Disease Severity
We evaluated the relationship between serum ES and clinical markers of exercise performance and function, specifically 6 MWD and NYHA-FC, and serum chemistries previously linked to outcomes in PAH, notably NT-proBNP (18) (19) (20) , creatinine (21) , and serum sodium (22) ( Table 2) .
We evaluated the relationship between serum ES and invasive resting hemodynamics. Serum ES correlated positively with mean pulmonary arterial pressure (mPAP, r = 0.3, P , 0.005) and PVR (r = 0.3, P , 0.005) and negatively with cardiac output (CO, r = 20.2, P < 0.05) and cardiac index (r = 20.2, P , 0.05). In the subset of patients with IPAH, serum ES also correlated positively with RAP (r = 0.3, P , 0.05), and the correlations were stronger with mPAP (r = 20.5, P , 0.001), PVR (r = 0.5, P , 0.001), CO (r = 20.3, P , 0.005), and cardiac index (r = 20.3, P , 0.05) ( Table 2 ).
Circulating ES levels correlated positively with NYHA-FC (r = 0.4, P , 0.001), age (r = 0.3, P = 0.01), serum creatinine (r = 0.3, P = 0.03), and NTproBNP (r = 0.4, P = 0.003) and negatively with 6 MWD (r = 20.4, P , 0.001) and serum sodium (r = 20.2, P = 0.04).
Functional class, functional capacity, and NT-proBNP are established metrics of disease severity in PAH (23) (24) (25) . We evaluated serum ES as a function of NYHA-FC and observed that ES was higher in patients with NYHA-FC III to IV PAH relative to those in class I to II (80.0 vs. 40.2 ng/ml, P = 0.002) ( Figure 1A) . Similarly, patients with a 6 MWD of less than 330 m, a parameter previously linked to poor prognosis in PAH, had significantly higher ES than those with a 6 MWD greater than 330 m (69.6 vs. 39.5 ng/ml, P = 0.01) ( Figure 1B ). Using a cut-off of two times the upper limit of normal, patients with elevated NT-proBNP had significantly higher serum ES (73.9 vs. 37.7 ng/ml, P = 0.03) ( Figure 1C ).
Serum Endostatin and Disease Severity
There is no established normal value for serum ES in humans. To define a threshold value for ES, serum ES was measured in healthy and disease control subjects (see Table E1 in the online supplement). We observed significantly elevated ES in patients with PAH relative to these healthy control subjects (62.9 vs. 28.1 ng/ml, P , 0.0001) ( Figure E2A ). In addition, we also observed elevated serum ES levels in patients with Group I PAH relative to age-matched patients with interstitial lung disease (62.9 vs. 44.3 ng/ml, P , 0.04; data not shown). Using the observed values, a receiver operating characteristics (ROC) curve was generated ( Figure E2B ). Serum ES had the ability to identify PAH with an area under the curve of 0.879, P , 0.0001. From this ROC analysis, we established a threshold value of serum ES set at 66 ng/ml to distinguish healthy subjects from patients with PAH. This threshold value had a sensitivity and specificity for PAH of 76 and 91%, respectively. Based on this threshold ES level, the derivation cohort of patients with PAH was divided into two subgroups, designated ES Low (i.e., serum ES , 66 ng/ml) and ES High (ES > 66 ng/ml). Table 3 shows demographics, laboratory chemistries, hemodynamic parameters, and PAHspecific therapy for each subgroup. The ES High arm had significantly lower 6 MWD (331 vs. 411 m, P , 0.0001) than ES Low . Additionally, more than half the patients within ES High were NYHA-FC III to IV, whereas the majority of ES Low patients were NYHA class I to II. NT-proBNP was significantly lower in ES Low versus ES High patients (1,045 vs. 3,362 ng/ml, P = 0.003). However, there were no statistically significant differences observed in resting hemodynamics between the arms. There were also no discernable differences in PAH-specific therapy. Thus, patients with elevated serum ES (ES High ) had diminished functional capacity, worse functional status, and increased NT-proBNP, implicating ES as a prognostic marker of disease severity in PAH. log-rank P = 0.001) ( Figure 3A ). Cox proportional hazard models examining the relationship between serum ES (dichotomized at the identified threshold) and outcomes were constructed. High ES expression was a significant predictor of adverse outcomes, with an unadjusted HR of 4.0 (95% CI, 1.6-9.6; P = 0.002) ( (Table 4 ). The strength of association was attenuated when adjusting for some clinical parameters, specifically NYHA-FC, 6 MWD, and NT-proBNP, suggesting these variables either confound the relationship or share a common causal pathway between ES and outcomes.
To validate the observed relationship between ES and poor outcomes, we generated a second ROC curve from the derivation cohort to define a threshold value to predict mortality in PAH ( Figure E3 ). Serum ES had the ability to identify nonsurvivors with an area under the curve of 0.675, P = 0.02. From this analysis, we established a cutoff for serum ES for predicting increased mortality, which was set at 95 ng/ml and provided a relatively high specificity of 83% and a sensitivity of 50%. Similar to the initial analysis, this threshold value predicted poor outcomes in the derivation cohort with an unadjusted HR of 3.4 (95% CI, 1.2-9.1; log-rank P = 0.002). We then applied this cutoff to the validation cohort. In the validation cohort, serum ES levels were significantly elevated relative to age-matched healthy or disease control subjects (88.3 vs. 28.1 vs. 44.1 ng/ml, respectively; P , 0.0001). KaplanMeier analysis demonstrated that high ES expression (.95 ng/ml) was associated with a significantly increased risk of death, with an unadjusted HR of 4.2 (95% CI, 1.3-14.6; log-rank P = 0.02) ( Figure 3B ) in this second cohort of patients with IPAH. Using this validation PAH cohort, Cox proportional hazard models were constructed to examine the relationship ORIGINAL ARTICLE between serum ES and outcomes. High ES expression was validated as a significant predictor of adverse outcomes with an unadjusted HR of 4.3 (95% CI, 1.1-8.3; P , 0.05), and the relationship persisted in multivariable Cox proportional hazard models after adjusting for age, sex, cardiac index, or PVR (Table E3 ).
Col18a1 Genetic Variant and PAH
In a parallel study, genotyping was performed on genomic DNA samples from subjects with PAH (IPAH and CTD-PAH), scleroderma without pulmonary hypertension, and control subjects. Baseline demographics and index hemodynamic indices for patients are listed in Table E4 . Because of differences in minor allele frequency (MAF) between ancestries, association studies were restricted to cases and control subjects of European American ancestry. Twelve potential variants in the gene encoding ES, Col18a1, were included within the analysis. Of these, a missense single nucleotide polymorphism (SNP) in Col18a1 (rs12483377) was observed at an increased frequency in patients with PAH (MAF 21.6) relative to published control subjects (MAF 7.5) and/or patients with scleroderma without PH (MAF 12.5) (Table  E5 ). In the validation cohort of patients with IPAH, the frequency was 15. Figure E4 ).
Col18a1 Variant and PAH Outcomes
We next analyzed the relationship between carrier status of the N104ES natural variant versus the ancestral D104ES and mortality within the larger derivation PAH cohort providing genomic DNA (n = 100 European American). Demographics and index hemodynamics are included in the online supplement (Table E4 ). The median followup post diagnosis of PAH was 5.3 years, with a range of 0.7 to 16.0 years. During follow-up, 47 deaths were observed, with an overall mortality of 47%. Comparison of demographics and baseline hemodynamics revealed no identifiable differences in age of diagnosis, etiology of PAH, or index (Table E6) . Kaplan-Meier analysis demonstrated that the Col18a1 genotype encoding D/D104ES was associated with increased mortality with an unadjusted HR of 2.0 (95% CI, 1.1-3.6; P = 0.04) (Figure 4) . We then constructed Cox proportional hazard models to examine predictors of the relationship between Col18a1 genotype and outcomes. The unadjusted risk of death in patients with the GG genotype encoding only the D104ES variant was 2.0 (95% CI, 1.1-3.9; P = 0.04) ( Table 5) .
Multivariable models were built using carrier status adjusting for age of diagnosis, sex, or etiology of PAH (i.e., CTD-PAH vs. IPAH), and individual hemodynamic variables (Table 5 ). These variables were included based both on our univariable Cox proportional hazard models and/or demonstration of their capacity to predict outcome in previous studies (18, 25, 28) . The GG genotype encoding only D104ES remained a significant predictor of increased mortality in these models. Survival analysis based on Col181/ES carrier status after adjusting for demographics variables or hemodynamic variables linked a genetic variation in this gene to risk of death in PAH ( Figure 5A ). Thus, carriers of ES variant N104ES, which impairs receptor binding (27) and is associated with decreased serum ES in our analysis, had improved survival even after adjusting for invasive cardiopulmonary markers of disease severity, implicating the Col18a1 gene product as a heritable determinant of mortality in PAH.
To strengthen this observation, the relationship between Col18a1 genotype and outcomes was analyzed in the validation cohort of adults with Group I, specifically IPAH. Baseline demographics and index hemodynamic indices for this cohort of patients are listed in Table E7 . Multivariable models were built using carrier status (D/D104ES) adjusting for age of diagnosis, sex, or individual hemodynamic variables (Table E8 ). In Cox proportional hazard models, the GG genotype encoding only D104ES variant again remained a significant predictor of increased mortality in patients with IPAH. Thus, Col181/ES carrier status was associated with an increased risk of death in IPAH after adjusting for demographics and hemodynamic variables in two independent cohorts ( Figure 5B and Table E8 ).
Discussion
This study demonstrates that serum ES is associated with disease severity and predicts outcomes in two independent cohorts of patients with PAH. Circulating ES inversely correlates with diminished functional capacity (6 MWD) and directly correlates with impaired functional status (NYHA-FC) and NT-proBNP. Furthermore, we observe significant differences in ES between survivors and nonsurvivors, implicating ES as a predictor of poor outcomes. This is supported by multivariable Cox proportional hazard models that demonstrate an increased risk of death in patients with elevated ES levels. Survival analysis demonstrates that ES levels predict outcomes in patients with PAH with an unadjusted risk of death of 4.0 (95% CI, 1.6-9.6; P = 0.002). Additionally, we provided evidence that a loss-of-function variant in the gene encoding ES (Col18a-SNP rs12483377) was linked to altered serum ES levels in PAH. More importantly, we demonstrate that Col18a1/ES genotype is independently associated with mortality in PAH. Thus, we provide the first evidence linking an angiostatic factor to disease severity and poor outcomes in PAH.
In PAH, global performance in the remodeled RV is highly dependent on ORIGINAL ARTICLE oxygen supply. Disruption of the myocardial-microvascular balance would predictably impact on RV function, clinical severity of disease, and outcomes. Clinical support of such a principle in PAH comes from adenosine magnetic resonance imaging data, which demonstrate decreased RV myocardial perfusion reserve index in PAH (10) . The RV myocardial perfusion reserve index is inversely associated with RV systolic function and RV remodeling (i.e., RV mass). These data indicate that reduced myocardial perfusion is associated with poor RV performance and remodeling in human PAH. Such functional studies cannot yet address the etiology of diminished RV perfusion, and imaging of the ventricular microcirculation is not yet feasible in humans. However, preclinical studies in rodent models of disease provide evidence that decreased RV capillary density is linked to RVF (8, 29) .
ES is a potent inhibitor of angiogenesis with the capacity to induce endothelial cell apoptosis and inhibit endothelial cell proliferation and migration. Although a detailed understanding of the molecular mechanisms behind the angiostatic properties of ES has remained elusive, the capacity of ES to inhibit the angiogenic effects of vascular endothelial growth factor (VEGF) and basic fibroblast growth factor has been long recognized (11) . Clinical interest in ES has focused primarily on attempts to capitalize on its angiostatic properties in the treatment of solid tumors. Exogenous ES has been shown to antagonize tumor angiogenesis in preclinical models (30) and has been exploited in clinical trials as an adjuvant to chemotherapy. Far less is known about the effects of endogenous ES in human disease states. Multiple studies have demonstrated an inverse correlation between ES and the density of coronary vessels in the heart (14-16), and, during the preparation of this manuscript, ES has been linked to increased mortality in left heart disease (17) . Collectively, this implicates ES as a potential negative regulator of myocardial angiogenesis, but this remains to be directly tested. The contribution of ES to vascular remodeling in the lung is less clear, and no published data have linked ES to altered vascular remodeling in the human lung. Preclinical models demonstrate that pharmacologic inhibition of VEGF under hypoxic conditions can recapitulate pulmonary vascular lesions similar to those observed in human PAH (31) .
Furthermore, loss and/or rarefaction of capillaries with the RV has been observed in this model and linked to RVF (32). These observations indirectly link an angiostatic effect (i.e., inhibition of VEGF signaling) to both pulmonary vascular remodeling and RVF in preclinical studies. Studies to address the capacity of ES to alter both the pulmonary and myocardial remodeling are ongoing. Ultimately, understanding the mechanism(s) by which ES negatively impacts disease outcomes in PAH is necessary.
Serum ES levels correlated with unfavorable hemodynamics in Group I patients and most strongly within the patients with IPAH. Specifically, ES levels positively correlated with RAP, mPAP, and PVR and inversely correlated with CO and cardiac index. These relationships were strongest in patients with IPAH and were not observed in the smaller CTD-PAH subset alone (data not shown), suggesting this study may be underpowered to observe these associations. Irrespective of this potential difference based on etiology of disease, serum ES did correlate strongly with 6 MWD, NYHA-FC, and NT-proBNP and, more importantly, predicted poor outcomes in both disease subsets, implicating ES as a novel marker of functional capacity and disease severity in PAH.
Preclinical models of PAH provide strong experimental evidence that the inhibition of angiogenesis, specifically with the VEGF receptor 2 antagonist (i.e., Sugen), can contribute to both pathologic pulmonary vascular remodeling (33) and RV dysfunction (9) . Despite the preclinical data, few studies have addressed the relationship between circulating VEGF levels, hemodynamics, and/or outcomes in human PAH (34, 35) . Clinical and preclinical data have also implicated increased expression of angiogenic factors in PAH. Specifically, angiopoietin, a vascular growth factor, and its receptor Tie2, are elevated in pathologic pulmonary vascular remodeling in humans (36) . Furthermore, elevated circulating angiopoietin 2 has been linked to hemodynamics and poor outcomes in IPAH (37) . Angiostatin, another endogenous angiostatic mediator, has been tested in the chronic hypoxic animal model of disease and, when delivered to the lung directly, exacerbates pathologic pulmonary vascular remodeling (38) . As for clinical data, a very small (n = 6) study has suggested that angiostatin is elevated in patients with PAH (39).
Although not included in this study population, Down syndrome (trisomy 21) accounts for more than 10% of pediatric PAH (40, 41) and appears to have an accelerated and more severe disease course than patients matched for similar congenital heart defects (42) . Intriguingly, patients with Down syndrome have elevated circulating ES levels secondary to the duplication of Col18a1 encoded on chromosome 21 (43) . Furthermore, data link altered ES expression to altered pulmonary vascular remodeling in the lungs of newborns with Down syndrome (44) . The relationship between Col18a1/ES gene dose and PAH risk/outcomes have not been addressed in this at-risk cohort.
We observed a link between a natural variant in Col18a1/ES and serum levels of ES in PAH. The identified Col18a1 SNP results in the substitution of a negatively charged aspartic acid (D) to a hydrophobic asparagine (N) at residue 104 (D104ES and N104ES, respectively). Published work indicates that this substitution disrupts the binding of ES with one of its receptors, laminin (27) , making this a loss-of-function mutation. Importantly, carriage of two copies of D104ES (GG genotype) was associated with a median survival of 6.7 years after diagnosis of PAH. In contrast, carrier status of a single loss-of-function, N014ES variant (AG genotype) was linked with improved survival (unadjusted HR, 0.5; 95% CI, 0.3-0.9; P = 0.04), reflected in a median survival of greater than 14.5 years. This effect persisted after adjustments for age of diagnosis, sex, etiology of PAH, and invasive hemodynamic parameters. Although carriers of the N104ES predictably have lower functional ES protein, the mechanism(s) by which this genetic variation impacts on circulating ES levels remains to be determined. Variants in (27) . This substitution alters ES binding to its receptor, laminin, a basement membrane protein. The capacity of ES to bind lamina has been implicated in the molecule's angiostatic properties (47) . Additional studies will be necessary to define the molecular effects of this nonconservative change on ES function in the context of PAH. However, based on the documented properties of N104ES, it is provocative to speculate that this functional variant impacts on PAH outcomes through the diminished angiostatic activity of the altered peptide. Although multiple studies have examined, with variable results, the association of Col18a1 SNPs with development and severity of solid and liquid tumors (48) (49) (50) (51) (52) , our data are the first to formally associate natural variants in Col18a1 to cardiovascular disease, altered serum levels, and PAH mortality.
Data regarding the genetic basis for the development and clinical heterogeneity of PAH are limited. Mutations in BMPR2 (53, 54) and other members of the transforming growth factor-b superfamily (ligands, receptors, and activators) have been found in patients with PAH and hereditary hemorrhagic telangiectasia including ALK1, ENG, SMAD4, and SMAD8 (55-62). More recently, variants in caveolin1 (CAV1) and KCNK3 have also been described in familial PAH and IPAH (63, 64) . We observed an increased frequency of the A allele (rs12483377) in Col18a1 in our derivation cohort (MAF 21.6) relative to our control subjects (MAF 13.0) and the frequency observed to date in the National Heart, Lung, and Blood Institute exome sequencing project (MAF 7.5). Furthermore, within the validation cohorts we also observed an increase in the MAF relative to control subjects (15.8 vs. 7.5) (Table E5 ).These associations could implicate this variant as a risk allele for PAH; however, in light of the demonstrated relationship with survival, we suspect this increase in MAF reflects survival bias. Here we provide unique evidence supporting a genetic basis for clinical heterogeneity in PAH, linking it to altered serum levels and, more importantly, mortality.
There are several potential limitations to this study. First, subjects were referred to pulmonary hypertension programs; thus, ascertainment bias could favor inclusion of patients with severe disease. Second, survival estimates may be influenced by lead-time bias because the majority of patients received PAH-specific therapy at the time of analysis. Third, our cohorts include both prevalent and incident PAH and may introduce survival bias (65) . Although additional studies would be necessary to prove this, we suspect such a bias accounts for the increased frequency of the loss-offunction ES variant (N104ES) observed in our PAH cohorts. Similar observations have been made in the MUC5B promoter polymorphisms and pulmonary fibrosis (66) . In this case there is a clear increase in the frequency of a genetic variant in patients with disease. However, carriers of this common "risk" polymorphism have improved survival (67) . We did not observe appreciable differences in age, sex, disease subgroup, or index hemodynamics based on N104ES carrier status ( Table E6 ) to suggest that lead-time bias contributed to the differences in outcomes; however, this remains a potential limitation. Furthermore, the impact of therapy on ES levels has not yet been defined, and we cannot assess the effects of specific therapies. We have attempted to minimize sampling bias through the use of standardized collection, processing, and storage of samples, including avoidance of freeze-thaws of banked serum, and batched analysis. Finally, we cannot yet define the tissue source or target of circulating ES. Although it is clear that circulating ES can be produced by the human heart in cardiovascular disease (14) (15) (16) , it remains to be determined if this is the case in PAH. Our unpublished data indicate that Col18a1 mRNA and ES protein are selectively upregulated in the RV, not the left ventricle, in preclinical models of pulmonary hypertension. Additionally, skeletal muscle is both a potential source and possible target of ES (68) , and thus peripheral effects of ES may contribute to the observed association between serum ES and poor 6 MWD or NYHA-FC. However, additional clinical and preclinical studies will be needed to address these remaining important questions.
Conclusions
In summary, this work provides strong evidence that serum ES and a heritable variation in its gene, Col18a1, are potential determinants of disease severity, hemodynamics, and outcomes in PAH. We hypothesize this is based on the ability of ES to negatively impact pathologic vascular remodeling in PAH. Furthermore, our data support a novel role for ES as a serum biomarker linked to poor functional class, decreased functional capacity, adverse hemodynamics, and increased mortality in PAH. Angiostatic factors, typified by ES, may represent novel therapeutic targets in PAH. n
